A rapid, sensitive, inexpensive in situ hybridization technique, using 30-mer 16S rRNA probes, can specifically differentiate two closely related Bacillus spp., B. polymyxa and B. macerans. The 16S rRNA probes were labeled with a rhodamine derivative (Texas Red), and quantitative fluorescence measurements were made on individual bacterial cells. The microscopic fields analyzed were selected by phase-contrast microscopy, and the fluorescence imaging analyses were performed on 16 to 67 individual cells. The labeled 16S rRNA probe, POL, whose sequence was a 100%o match with B. polymyxa 16S rRNA but only a 60%v match with B. macerans 16S rRNA, gave quantitative fluorescence ratio measurements that were 34.8-fold higher for B. polymyxa cells than for B. macerans cells. Conversely, the labeled probe, MAC, which matched B. polymyxa 16S rRNA in 86.6% of its positions and B. macerans 16S rRNA in 100% of its positions, gave quantitative fluorescence measurements that were 59.3-fold higher in B. macerans cells than in B. polymyxa cells. Control probes, whose 16S rRNA sequence segment (P-M) was present in both B. polymyxa and B. macerans as well as a panprokaryotic probe (16S), having a 100o match with all known bacteria, hybridized equally well with both organisms. These latter hybridizations generated very high fluorescence signals, but their comparative fluorescence ratios (the differences between two organisms) were low. The control paneukaryotic probe (28S), which had less than 30% identity for both B. macerans and B. polymyxa, did not hybridize with either organism.
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Traditional laboratory methods for identifying bacteria have relied heavily on the use of either simple or differential microbiological tests such as the Gram stain, the growth on common (or exotic) diverse substrates, and subsequently the specific use of biochemical tests. In recent years a strong trend in microbial systematics for the use of direct molecular characterizations, e.g., DNA base composition, DNA-DNA hybridization, gene sequencing, etc., to define taxa has emerged. These methods have revolutionized studies in bacterial evolution but, initially at least, did comparatively little for the practitioner who simply needed to identify a particular organism in a given environment or specimen. Thus, in the face of important breakthroughs, the arduous processes of isolating pure cultures and conducting the traditional procedures for culture identification have continued largely unabated. Over the last 10 years, there has been a considerable expenditure of effort to develop methodologies for rapid identification of microorganisms by using a variety of novel procedures. One of the most promising of these has been the use of DNA probes that are specific for an organism's 16S rRNA (5, 8, 9, 12) . Indeed, well-received tests with this approach are already on the market. The advantages of using the 16S rRNA methodology are several, not the least of which is the huge data base of sequence information that is currently available. Almost 1,000 16S rRNA sequences have already been documented for bacterial phylogenetic studies, and this data base includes a large variety of bacteria, including pathogens. From a technical * Corresponding author.
perspective the 16S rRNA sequence segments can serve as molecular probes, which will allow for species identification of any bacterium. In other instances, 16S rRNA probe hybridizations can give a more general grouping identity (at the genus or family level), depending on the application required. Probably the most important applications of the rapid in situ (RIS) hybridization technique would be for its potential (i) to identify pathogenic bacteria, in blood, stool, or sputum or from other tissue samples; (ii) to identify bacteria directly in environmental applications, even in field studies, by using a portable scanning fluorometer; and (iii) to monitor microbial changes in samples that would occur during a bioremediation procedure to determine which organisms are still present (or absent).
The following study seeks to demonstrate that an alternative detection technique, i.e., RIS hybridization, can be used for the specific identification of bacteria, and the improved RIS technique described herein makes for a faster and more convenient assay that can be routinely used in a laboratory setting. In this study, a particular 16S rRNA probe assay which allows for the highly specific detection and differentiation of two closely related Bacillus species, B. polymyxa and B. macerans, is described. As noted in Table 1 , these two Bacillus strains are closely related species which are difficult to distinguish by traditional microbiological methods. The 16S rRNA probes used for selectively identifying both B. polymyxa and B. macerans were designed from sequence information obtained from an ongoing study on the 16S rRNA phylogenetic characterization of bacteria of the genus Bacillus (2, 5a, 15, 17) .
The RIS hybridization approach offers several advan- [4, 7, 10, 12, 16] The molecule is drawn so as to indicate the usual secondary structure elements (8) . The locations of the four 30-mer 16S rRNA probe sequence segments, i.e., POL, MAC, P-M, and pan-16S, used in this study are also indicated.
kindly provided) by Gary Olsen of the University of Illinois in Urbana-Champaign, Urbana-Champaign. Assembly of the data base was facilitated (i) by the collection of small subunit rRNA sequences which is published semiannually (13) and (ii) by electronic access to the recently established rRNA data base project at the University of Illinois (14) . The selection of specific Bacillus 16S rRNA probes was especially facilitated by recently published sequences from B. polymyxa and B. macerans (15) as well as from a data base collection of 16S rRNA sequences gathered from a variety of specific Bacillus species (2, 5a, 15, 17) .
A total of four 16S rRNA probes were designed by examination of the above data base (Fig. 1) . Two of these probes (POL and MAC) were specifically designed to selectively distinguish B. macerans from B. polymyxa cells. Probe POL provided a 100% sequence match with B. polymyxa 16S rRNA but had a reduced affinity (60% match) for B. macerans, while probe MAC was 100% specific for a sequence match with B. macerans but exhibited a reduced affinity (86.6%) for B. polymyxa. These probes were selected from two different regions of the 16S rRNA molecule. In addition, two other positive control bacterial 16S rRNA probes were constructed. One of these probes, designated P-M, possessed a 16S rRNA segment that had a 100% sequence match with both B. polymyxa and B. macerans, while the other control probe, designated 16S, was designed from a highly conserved region, and thus its sequence segment would presumably interact with any bacterial 16S rRNA. The 16S rRNA sequence segments for the four probes used are shown in Table 2 , with their corresponding Cytometer (Meridian Instruments). The microscopic fields analyzed were selected by phase-contrast microscopy, and the fluorescence imaging analyses were performed on 16 to 67 individual cells (Fig. 3) .
RESULTS
The photomicrographs shown in Fig. 2 demonstrate that the RIS hybridization technology can be readily used to identify microorganisms. This was successfully performed by applying DNA probes directed at 16S rRNA target sequences in the bacteria to be identified. Figure 2 shows the actual photomicrographs obtained by direct fluorescence microscopy with the RIS hybridization technique described herein. The designated tagged 16S rRNA probe segments used for the hybridizations are shown in Table 2 . For both Bacillus species, the specific hybridization probes, POL and MAC, gave strong visual signals ( Fig. 2D and E) for their respective target cells, with no obvious fluorescence being observed in the opposite species (see black half-panels in Fig. 2D and E) . Nonfluorescing cells were actually detected (by phase-contrast microscopy) as unstained cells in their respective microscopic fields, and it was thus confirmed that no fluorescing cells were present in the blackened halfpanels ( Fig. 2D and E) . The unstained cells are shown in the two lightly shaded half-panels, next to the appropriate darkened half-panels, in Fig. 2D and E. Likewise, strong fluorescence signals were detected with cells of both Bacillus species when the RIS hybridization procedures were performed with the two positive control probes, 16S and P-M ( Fig. 2A and C) . The 16S probe segment (Table 2) represents the panprokaryotic probe, and it would be expected to hybridize with all bacterial cells, while the P-M probe represents a 16S rRNA segment whose sequence is common to both B. polymyxa and B. macerans. The negative control, the 28S paneukaryotic probe segment, gave no significant fluorescence signal in any of the cells analyzed (see blackened half-panels in Fig. 2B ), but the unstained and nonfluorescent cells were present (see appropriate half-panel in Fig.  2B) .
In order to verify that probe specificity occurred during our RIS hybridization assays, a bacterial suspension, con examine, by fluorescence microscopy (as seen in Fig. 2 Fig. 2 ), but now with a 50% cell suspension mixture of B. macerans and A. globifornis cells and with the same three probe segments, the 16S probe hybridized to both bacterial cells, while probe MAC exclusively hybridized with only the B. macerans cells. As expected, probe segment POL was inactive in this latter hybridization experiment. Figure 3 shows the typical photographic images that were obtained when the same slides, containing the fluorescent Bacillus cells (Fig. 2) , were analyzed by quantitative fluorescence imaging with a sensitive, automatic, computerized Interactive Laser Cytometer (Meridian ACAS 570). This ACAS 570 allowed for the quantitation of the very sensitive fluorescence emissions found in the hybridized bacterial cells shown in Fig. 2 . The right-hand panels of Fig. 3A to D show photomicrographs of the actual analytical data generated by using the positive panprokaryotic 16S rRNA probe. The corresponding left-hand panels similarly show the RIS hybridization data generated by the negative control 28S paneukaryotic probe. In fields A of both panels, an approximately 72-p.m area is depicted by the large bracketed X, which represents the center of the phase-contrast microphotograph containing the (barely visible) hybridized bacterial cells which subsequently will be quantitatively analyzed for tagged fluorescence. Panel B (both columns) shows the fluorescent images resulting from the tagged or fluorescently hybridized bacteria focused on in panels A. Note that in panel B, each bacterium appears on the screen as a pseudocolored image whose representation depends on the amount of fluorescence emitted. Panels C show a scan of the same image shown in panels B, after background elimination by threshholding. In the last panels (D), a computerized readout of the quantitative data which shows numerically the amount of fluorescence that is emitted by the tagged or hybridized bacteria is shown on the screen. The numerical data on the screen represent the quantitative computation which records the actual fluorescence emitted from each individual bacterium. As noted in panels D, for example, on a computational basis more fluorescence was emitted from the bacteria hybridized with the 16S panprokaryotic probe than was emitted from the same organisms previously hybridized with the negative paneukaryotic 28S probe. Table 3 shows the actual quantitative fluorescence data generated from the computerized imaging measurements made by the ACAS 570 Interactive Laser Cytometer. In essence, the quantitative numerical data shown in Table 3 verify what was observed visually in the fluorescence microscopy analyses presented in Fig. 2 Like the other Bacillus species in morphological group II, they form oval spores that swell the sporangium. Both are facultative anaerobes that require biotin for growth, and unlike most other Bacillus spp., they both (i) are nitrogen fixers and (ii) produce acid and gas when grown on glucose (4, 7, 12) . At the species level, these B. polymyxa and B. macerans strains can be differentiated by G+C (moles percent) analysis as well as biochemical tests (4, 7, 10, 12, 16) such as the Voges-Proskauer reaction, oxidase test, dihydroxyacetone formation, casein hydrolysis, growth on thiamine, and the oxidase reaction ( Table 1) . The considerable phenotypic similarities exhibited by these two species is a reflection of their relatively close genotypic relationship (4, 12, 16) . A comparison of their 16S rRNA sequence positions reveal that they are 93.8% identical (15) , which is as high or higher than many Bacillus species pairs examined to date (5a, 15, 17) .
The results presented herein demonstrate conclusively that sequence-specific DNA probes targeted at the 16S rRNAs can readily distinguish between two closely related Bacillus species. It (Table 3 ). The species-specific probes, POL and MAC, were themselves targeted at two different regions of the 16S rRNA molecule that appear to be relatively highly structured; so were the positive controls probes, P-M and 16S. In all four cases, the 16S rRNA probes used in this RIS study were capable of hybridizing to the proper sites, enabling the generation of strong signals that could be detected (i) qualitatively by fluorescence microscopy and (ii) quantitatively by interactive laser imaging cytometry. These findings suggest that, since the species in the genus Bacillus are typically well resolved from a genotypic perspective, it will be relatively straightforward to design an entire series of 16S rRNA probes that could be used to rapidly identify most novel Bacillus isolates directly to the species level. Such a probe kit could be designed for use with other genera of bacteria, and this should be of considerable value to the bacterial taxonomist.
Probably the single most important implication of the results presented herein is the demonstration that the RIS hybridization technology can be used practically to identify bacteria. This important extension of a previous study (1, 5) means that the RIS assay can be used for in vitro diagnostics in medical technology, which would allow hospital laboratories to rapidly identify a wide variety of microorganisms, including those that routinely take weeks to grow, e.g., Mycobacterium tuberculosis, etc. In addition, the assay could be applied directly to such diverse clinical samples as sputum and stool. Since more than one probe could be included in the hybridization cocktail, the assay would be ideal for identifying and differentiating many kinds of different microorganisms that are known to cause pneumonitis and diarrhea. In sexually transmitted disease clinics, the clinician is often faced with the dilemma of not knowing whether to treat for chlamydiae or gonorrheae. Since the treatments for the diseases caused by these two organisms are different and since the RIS assay takes less than 60 min to perform, the patient could wait a reasonable time for the test results and then receive the appropriate therapy.
In the environmental area, the RIS hybridization assay can be performed in the field, and the results can be read by a scanning fluorometer, which is now totally portable. This RIS technique should be able to answer the following questions. Are the bioremediation organisms still present after an oil spill is cleaned up? Is the concentration of sulfur-reducing organisms too high in an area for a tank farm? Is there now an acceptable level of enterics present in the system from which sewage is being discharged? Is the purification procedure working? Answers to such questions might become available, and acted upon, while the investigator is still in the field.
